It has been over two decades since the first preimplantation genetic diagnosis (PGD) for a monogenic disorder was performed [1] , and methods have evolved to include a wide variety of techniques [2] . Among the most important advances was the incorporation of genotyping of linked informative markers near the mutation in order to avoid misdiagnosis from a phenomenon known as allele drop out (ADO). ADO occurs when two alleles are present, but the PCR-based test only detects one of the two, which can result in misdiagnosis of a monogenic disorder. However, by evaluating nearby linked informative polymorphisms, this type of error can be avoided since it is less likely to occur twice in the same test [2, 3] .
The most common type of polymorphism used as a linked marker in the PGD setting is the short tandem repeat (STR). One advantage of the STR is that it is often multi-allelic, providing a high likelihood of being informative for a given family. However, a potential disadvantage is the relatively low frequency of STRs throughout the human genome [4, 5] . This becomes an important issue as genotypes of markers too far away from the mutation could be misinterpreted as a result of recombination. Specifically, if recombination occurred between the marker and the mutation, the genotypes could be misinterpreted as consistent with an ADO event at one of the two loci. This is even more of a concern when genes near telomeres are evaluated since the recombination frequency is considerably higher than other regions on the chromosome [6, 7] .
In contrast to the STR, the single nucleotide polymorphism (SNP) is the most common polymorphism in the human genome, and therefore more likely to provide a marker within 1 Mb of the mutation, as recommended by the European Society for Human Reproduction and Embryology (ESHRE) PGD Consortium [2] . We recently reported the use of TaqMan PCR based allelic discrimination to genotype embryos for a single gene disorder in parallel with comprehensive chromosome screening [8] . This approach provides an opportunity to genotype SNPs as informative markers, instead of STRs, using a quantitative real time (q)PCR-based approach. This case report illustrates the particular advantage of qPCR, by identifying STR-based misdiagnoses due to recombination near the mutation.
Methods
This case involved a couple indicated for PGD since they were both carriers of the R1264H mutation in the Regulator of Telomere Length 1 (RTEL1) gene. They discovered their carrier status after the birth of their first and only child in 2009, who was homozygous for the mutation and was affected with Dyskeratosis Congenita. This disorder affects multiple organ systems, and can result in bone marrow failure, aplastic anemia, thrombocytopenia, osteoporosis, and liver and pulmonary fibrosis [9, 10] . Their daughter had been hospitalized since she was 6 months old and passed away at 2 and half Electronic supplementary material The online version of this article (doi:10.1007/s10815-014-0298-9) contains supplementary material, which is available to authorized users. years old. The female partner was 29 year old and the male partner was a 37 year old at the time of IVF for PGD.
The couple underwent routine controlled ovarian hyperstimulation through an antagonist protocol with intracytoplasmic sperm injection. Of the 46 oocytes retrieved, 17 made it to the blastocyst stage. Each embryo was biopsied twice on day 6. The first biopsy was used to perform comprehensive chromosome screening (CCS) using quantitative realtime PCR as previously described [11] . A second biopsy was used to diagnose Dyskeratosis Congenita at a reference laboratory using conventional methods of STR fragment size and Sanger sequencing as previously described [12] . After biopsies were performed all the embryos were cryopreserved to allow time for the reference laboratory to complete single gene disorder (SGD) analysis and provide a report. Upon receipt of the SGD report with unusually high rates of ADO and no results, the excess DNA from the CCS procedure was used to evaluate linked informative SNPs near the mutation, which were identified using NspI SNP arrays (Affymetrix Inc., Santa Clara, CA) on the couple. Phase was established using TaqMan allelic discrimination (Life Technologies Inc., Foster City, CA) of the informative SNPs on DNA from the couple's affected daughter. A TaqMan assay was also developed to directly test the mutation through allelic discrimination in parallel as previously described [13] . The TaqMan assays for the linked markers and the mutation were used in a multiplex preamplification PCR reaction (Life Technologies Inc.) with the excess CCS DNA as template. Individual reactions with each individual primer set were performed using qPCR on the preamplified DNA as previously described [8] .
Each Taqman assay allele specific probe was labeled with either a FAM or VIC dye in order to detect the major and minor SNP allele, respectively, and genotypes were designated as such in the results tables and figures.
This study was conducted under IRB approval and with patient consent.
Results
CCS indicated that 12/17 (70 %) of the embryos were euploid and potential candidates for transfer ( Table 1 ). The PGD report from the reference laboratory using conventional methods of STR and Sanger sequence analysis indicated an ADO rate of 8 % (14/170) and a non-diagnosis rate of 18 % (3/17), despite having been performed on trophectoderm biopsies. Given the unusually high rates of ADO and no results, analysis of the SGD on the excess DNA from CCS was performed using qPCR for allelic discrimination of informative SNPs and the mutation. Seven informative SNPs were evaluated including 4 between the nearest STR marker (which was 4.8 Mb away from the mutation) and one on the telomeric side of the mutation (Fig. 1) . In each of the 4 cases that the reference laboratory interpreted the mutation analysis as having been affected by ADO, the SNP based methodology demonstrated that recombination occurred between the nearest STR and the mutation (Supplementary Table 1 ). This led to a reference laboratory misdiagnosis rate of 21 % (3/14), including an embryo diagnosed as a carrier that was actually affected (Fig. 2) . Interestingly, the recombination rate within Mb of interrogated sequence was 53 % (9/17). Fortunately, the patient had 4 embryos which were diagnosed as normal by both laboratories, one of which was selected for transfer and resulted in an ongoing pregnancy.
Conclusions
This case illustrates the particular problem of high rates of recombination near the telomeres of human chromosomes [14, 7] and the impact it can have when performing PGD with linked informative STR markers too far from the mutation. The exact recombination rates approaching the telomeric ends may not be available or reliable from published studies, and in this case the rates of the full region surrounding the gene were not. With the use of technologies which rely upon whole genome amplification and SNP array based analysis, the significant locus dropout from WGA may also prevent the identification of crossovers between the nearest available SNP marker and the mutation [15, 16] . In the case presented here, a misdiagnosis rate of 21 % was identified as a result of excessive STR marker distances, with respect to the mutation locus, failing to detect recombination and inappropriately assuming ADO at the mutation locus. The qPCR approach presented here overcomes these potential limitations allowing for simultaneous analysis of a large commercially available library of linked SNPs near the mutation, the mutation itself, and CCS within 4 hour of obtaining the sample for analysis.
